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In humans with albinism, a large percentage of the ganglion cell axons from the temporal retina decussate abnormally in the
chiasm and synapse in the contralateral LGN. The aim of this study was to determine whether the misrouting of the optic ﬁbers can
be detected by magnetoencephalography (MEG). Visually evoked magnetic ﬁelds (VEFs) were recorded from three patients with
albinism. After monocular stimulation, the isoﬁeld contour maps of the VEFs showed a single current dipole pattern over the
contralateral hemisphere in patients with albinism. These results clearly illustrated the reduced uncrossed retinofugal pathway of
patients with albinism.
 2004 Elsevier Ltd. All rights reserved.
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Albinism is a heterogeneous group of inherited
(usually autosomal recessive) disorders with deﬁciency
or absence of pigment in the skin, hair, and eyes, or eyes
only, due to an abnormality in the production of mel-
anin. Lund (1965) was the ﬁrst to report an abnormal
decussation, namely a signiﬁcantly smaller percentage of
uncrossed retinotectal ﬁbers, in albino rats. Since then,
several other albinotic mammalian species have been
shown to have a similar misrouting of retinofugal ﬁbers
resulting in a higher percentage of decussated ﬁbers
(Creel, 1971; Gross & Hickey, 1980; Guillery & Kaas,
1973; Sanderson, 1975).
Guillery, Okoro, and Witkop (1975) detected a
morphological anomaly of the lateral geniculate nucleus
in the brain of a human with albinism, and Creel, Wit-
kop, and King (1974) demonstrated that the visually
evoked cortical potentials (VEPs) elicited by monocular
stimulation were signiﬁcantly asymmetrical in the twoqGrant-in-aid for Scientiﬁc Research (B)(2) 1999–2000.
* Corresponding author. Tel.: +81-3-3353-1211x62402; fax: +81-3-
3359-8302.
E-mail address: hiohde@sc.itc.keio.ac.jp (H. Ohde).
0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2003.12.005hemispheres of subjects with albinism. The asymmetry
was not present in most normally pigmented humans.
These results were interpreted as indicating a reduction
in the percentage of uncrossed retino-geniculo-cortical
projection in patients with albinism.
There is conﬂicting evidence on whether an asym-
metry is present in all patients with albinism because
diﬀerent stimulus conditions, e.g., pattern onset (Apk-
arian, 1992; Bouzas, Caruso, Drews-Bankiewicz, &
Kaiser-Kupfer, 1994), pattern reversal (Carroll, Jay,
McDonald, & Halliday, 1980), ﬂash (Fizgerald & Cibis,
1994; Russell-Eggitt, Kriss, & Taylor, 1990), diﬀerent
recording conditions, and diﬀerent response criteria
were used (Fizgerald & Cibis, 1994). In addition, the
sensitivity of detecting asymmetrical responses with the
VEP ranged from 45% to 100% (Apkarian, Reits, Spe-
kreijse, & Van Dorp, 1983; Bouzas et al., 1994; Soong,
Levin, & Westall, 2000). These observations combined
with the usual variability of VEPs, made it diﬃcult to
use VEPs in the clinic routinely to determine whether a
misrouting of retinofugal ﬁbers is present.
Magnetoencephalography (MEG) is a relatively new
technique that can detect human neuronal activity of the
brain (Barth, Sutherling, Engel, & Beatty, 1982; Cohen,
1972). The activity can be detected in real-time and a
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made. MEGs are not altered by the electric resistance of
the tissue, e.g., bone, CSF, and meninges, which is a
great advantage over the EEG. Recordings of the visu-
ally evoked magnetic ﬁelds (VEFs) with monocular light
stimuli have shown bilateral dipole patterns in the
occipital lobes of normal subjects (Oguchi, 1998).
Because MEGs can detect neuronal activity, we
hypothesized that the VEFs recorded during monocular
photic stimuli will be symmetrical in control pigmented
subjects and asymmetrical in patients with albinism. To
test this hypothesis, we recorded the VEFs during
monocular and binocular light stimulation and com-
pared the responses from controls to those from patients
with albinism.2. Subjects and methods
2.1. Subjects
Three patients with three diﬀerent types of albinism,
two with oculocutaneous and one with ocular albinism,
were tested. These patients were the ﬁrst three who were
examined in our clinic after this MEG became available.
The ﬁndings in these three patients with albinism were
compared to those from three subjects with normal
pigmentation and no eye diseases (control group), who
were randomly selected volunteers in our department.
Case 1 was a 19-year-old woman who was a tyrosi-
nase-negative oculocutaneous albino with complete ab-
sence of skin and hair pigmentation. She suﬀered from
severe photophobia with complete transillumination of
the irides. Visual acuity was 6/80 in both eyes with high
myopia (OD, )16.0 diopters (D); OS, )18.0 D). Eso-
tropia and nystagmus were present.
Case 2 was a 12-year-old young boy with tyrosinase-
positive oculocutaneous albinism. He lacked skin pig-
mentation, his hair color was red, and his irides were
light brown. He was not photophobic. Visual acuity was
6/20 in both eyes with high astigmatism. Exotropia and
nystagmus were present.
Case 3 was a 16-year-old young boy with ocular
albinism. His skin and hair were normally pigmented.
His iridies were brown and he did not complain of
photophobia. Visual acuity was 6/20 in both eyes with
high astigmatism. Exotropia and nystagmus were pres-
ent.
In all three patients, fundus examination revealed
hypopigmentation with macular hypoplasia. Their vi-
sual ﬁelds were full.
The procedures used in this research followed the
tenets of the Declaration of Helsinki, and informed
consent was obtained from each subject after the nature
of the study was explained. Where applicable, the re-
search was approved by the KEIO University, School ofMedicine Institutional Human Experimentation Com-
mittee.
2.2. Magnetoencephalographic (MEG) system
The MEG system was the whole-head type with a
160-channel superconducting quantum interference de-
vice (SQUID) based on a coaxial type gradiometer
(Yokogawa Elec. Co., Japan). MEG recordings were
made in a magnetically shielded room.
2.3. Photic stimulation
White, stroboscopic stimuli (ERG Photic Stimula-
tor:Nihon Kohden) were presented monocularly or
binocularly at 1 Hz with an intensity of 0.3 J. This
stimulus intensity was equivalent to 2.5 candelas seconds
per meter squared (cd s/m2).
2.4. Recordings
VEFs were recorded with the whole-head 160-chan-
nel SQUID system during monocular or binocular
photic stimulation. The analysis time was 500 ms, and
each recording was the average of 200 responses. The
sampling rate was 1.0 kHz, and the bandpass ﬁlter was
set at 3 Hz–1 kHz with a 50 Hz notch ﬁlter. Two trials
were performed at each session.
Magnetic resonance imaging (MRI) was performed
with a GE Signa 1.5 Tesla system (GE Yokogawa
Medical Systems, Japan). T1-weighted images with a
contiguous 1.5 mm thick contiguous slices were used for
overlays, with the equivalent current dipole (ECD)
sources determined by MEG.
For MEGs and MRIs, ﬁve marker coils were placed
on the skull for the subsequent analysis of the source of
the VEFs by MRIs. Two of them were placed at the
right and left pre-auricular points of the subject. The
center marker was placed 5 cm above the nasion, and
the other two frontal markers were placed 5 cm lateral
to the center marker. Each marker coil generated a ﬁxed
ECD for which the intensity and direction were already
known. The locations of each marker coil could be
estimated precisely on the coordinate axes on the MEG
alignment. To determine the origin of the coordinate
axes on the MRI, the locations of the MRI markers and
the locations of the marker coils, estimated with MEG,
were aligned.
2.5. Analysis
Source analyses were based on a single- or two-ECD
model for spherical volume conduction. The local re-
sponses from the 160 channels were recorded and
superimposed to determine the implicit times of the
three positive peaks at around 70, 100, and 150 ms
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of VEFs (M70, M100, and M150) at each implicit time
with contour steps of 20 fT (femto Tesla; 1015 T) were
plotted according to the 160 local responses.
The isoﬁeld contour map at a speciﬁc implicit time
was made in the following way. In the contour maps of
Fig. 1, the blue dots show the location of each of the 160
SQUID sensors. The distribution of the magnetic ﬁeld
potential is represented in a contour map according to
the amplitude at each recording point at the selected
implicit time. The green lines represent the outward-
going ﬂux, and red lines represented the inward-goingFig. 1. Comparison of the visual evoked magnetic ﬁelds (VEFs) and the es
albinism. The 160 VEFs were superimposed for the 160 local responses from e
ms (M70), 100 ms (M100), and 150 ms (M150). The isoﬁeld contour maps
stimuli of the right eye are also shown. The middle row shows the results of th
and a patient with albinism (right), blue dots showed the location of each 160
the contour plot, inward-going ﬂux by red lines, and the zero point by black
dot is the starting point of the ECDs and line shows the direction of the dipol
cortex are activated (left), whereas mainly the contralateral hemisphere is acﬂux. The black line showed the zero point (middle of
Fig. 1).
By using a single- or two-dipole theory, the ECDs
were estimated and localized on the MRI (lower of Fig.
1). Goodness-of-ﬁt values greater than 90% were con-
sidered to indicate a good dipole model.3. Results
The VEFs consisted of three peaks which appeared at
about 70 ms (M70), 100 ms (M100), and 150 ms (M150;timated current dipoles (ECDs) in a control subject and patient with
ach channel (upper). Three arrows point to the three peaks at about 70
(middle) and estimated equivalent current dipoles (lower) with photic
e isoﬁeld contour maps at M100’s implicit time in a control subject (left)
SQUID sensors and outward-going ﬂux is represented by green lines in
line. The estimated ECDs are represented by red dots and lines; the red
e (lower). In the control subject, both hemispheres of the primary visual
tivated in the albino patient (right).
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component of VEPs and is the main response of the
primary visual cortex (V1) (Hatanaka et al., 1997; Seki
et al., 1996). The isoﬁeld contour maps and the esti-
mated ECDs for the VEFs elicited by photic stimulation
of the right eye are shown in Fig. 1 for one control
subject and one patient with albinism. The MRI for
each subject is shown in the lower set of Fig. 1.3.1. Control subjects
The isoﬁeld contour map of the VEFs at M100
showed two ECDs that were estimated to be from both
hemispheres of the occipital region after monocular
stimulation of either eye (Fig. 1). The directions of these
dipoles tended to cross the midline of the brain. A
magnetic ﬁeld pattern similar to that obtained by
monocular stimulation was observed after binocular
stimulation. As expected, the estimated ECDs obtainedFig. 2. The isoﬁeld contour maps at M100’s implicit time of the three patient
patients with albinism, light stimulation of the right eye activates the left h
hemisphere (middle), and binocular stimulation activates both the right and l
of the contour maps, the directions of the dipoles in the oculocutaneous albin
opposite to the dipole in ocular albinism (Case 3).with binocular stimulation also demonstrated two
opposite dipoles crossing the midline of the brain.3.2. Patients with albinism
The isoﬁeld contour maps at M100 obtained from the
response during monocular and binocular light stimu-
lation for the three patients with albinism are shown in
Fig. 2. In all three patients with albinism, the isoﬁeld
contour maps at M100 showed a single current dipole
over the occipital region contralateral to the stimulated
eye during monocular stimulation (Fig. 2). In Cases 1
and 2, the implicit time of M100 was around 100 ms,
and that of M150 was around 150 ms. The ECD of
M100 was estimated to be on V1 of the hemisphere
contralateral to the stimulated eye and was directed to
the midline of the brain (Fig. 2). The isoﬁeld contour
map of M150 also showed a single dipole pattern and
the direction was opposite to that of M100.s with albinism after monocular and binocular stimulation. In all three
emisphere (upper), and stimulation for the left eye activates the right
eft hemispheres of the posterior lobe (lower). According to the patterns
isms (Cases 1 and 2) should be toward the midline of the brain, which is
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ular stimulation was slightly diﬀerent from that in the
other two cases. The implicit time of M100 was some-
what delayed to 110–120 ms and that of M150 was also
delayed to 160–170 ms. The isoﬁeld contour maps of
M100 and M150 demonstrated that the direction of the
dipole was opposite to those of the other two cases
suggesting an unusual anatomy of the calcarine sulcus
(Fig. 2).
The implicit time of M100 and M150 in the VEFs
elicited by binocular stimulation in Case 3 was delayed to
110–120 ms and to 160–170 ms, respectively. Two current
isoﬁeld dipoles pattern comprising of M100 and M150
were estimated over the bilateral hemispheres of V1 after
binocular stimulation in all three patients (Fig. 2).4. Discussion
Our results clearly showed that in patients with
albinism monocular light stimulation elicited only con-
tralateral estimated ECDs, but in control subjects,
ECDs were detected in both hemispheres and crossed
the midline. Thus, we have demonstrated asymmetrical
VEFs in patients with albinism just as the asymmetrical
VEPs. As in the VEPs, the asymmetrical VEFs reﬂected
the poor ipsialteral retinofugal projection.
In subjects with normal pigmentation and no eye
disease, approximately 45% of ganglion cell axons from
one eye remain uncrossed as they pass through the optic
chiasm and project to the ipsilateral lateral geniculate
nucleus (LGN). These uncrossed axons originate in the
temporal half of the retina with the greatest population
serving the central 20 deg. In contrast, the ganglion cell
axons from the central temporal retina in patients with
albinism decussate abnormally at the chiasm and project
to the contralateral LGN, and most of the axons from
the peripheral temporal retina remain ipsilateral. Thus,
in humans with albinism, only 10–20% of axons from
each retina remain uncrossed as opposed to 45% in
subjects with normal pigmentation and no eye disease
(McHam & Fulton, 1992).
According to Creel (1978), about 70% of human
oculocutaneous albinos show asymmetrical VEPs, and
at present, an asymmetrical VEP is the most reliable sign
for an abnormal visual pathway in human with albi-
nism. No explanation has been presented on why the
other 30% of the patients with albinism do not show the
asymmetrical responses.
Although only three cases were studied, the MEGs
clearly showed an abnormal decussation in all cases.
More data must be collected to establish this method as
an established diagnostic tool for detecting abnormal
decussation of visual pathway in human with albinism
as well as to conﬁrm the VEP ﬁndings.Several other techniques have recently been reported
to demonstrate the misrouting of the retinofugal ﬁbers.
Positron emission tomography (PET) showed asym-
metric glucose metabolism in the posterior medial
occipital cortex in patients with albinism (Nakagawa,
Kiyosawa, Tamai, & Ito, 1993), and functional magnetic
resonance imaging (f-MRI) also gave similar results
(Hedera et al., 1994; Morland, Hoﬀmann, Neveu, &
Holder, 2002). However, these tests do not measure
neuronal activities directly, and their reliability in sub-
jects with albinism has not been examined.
MEG is a relatively new technique that can detect very
weak magnetic ﬁelds originating from neuronal electrical
activities, and it can localize the source of the signals to
functional regions of the brain by combining them with
MR images. In addition, the VEFs recorded during vi-
sual stimulation can detect the neuronal activities in the
primary visual cortices of both hemispheres thereby
allowing real-time analysis of activation and localization
of the visual signals. For example, the VEFs elicited by
light stimuli were able to detect the hemianopsia in brain-
damaged patients (Nakasato et al., 1996).
Our results showed that monocular photic stimula-
tion activated only the contralateral hemisphere of the
primary visual cortex in three patients with diﬀerent
types of albinism whereas monocular stimulation acti-
vated both hemispheres of the primary visual cortex in
control subjects. Thus, VEFs clearly demonstrated that
almost all of the optic nerve axons were connected to the
contralateral hemisphere of the brain in these three cases
of albinism who had no visual ﬁeld defect. The isoﬁeld
maps with one dipole pattern demonstrated functional
evidence for the misrouting of optic nerve ﬁber projec-
tion in the patient with albinism. We further noted that
the direction of the current dipoles was diﬀerent in the
oculocutaneous albinism (Cases 1 and 2) from that of
the ocular albinism (Case 3). This may suggest a further
diﬀerence in the primary visual cortex in these two types
of albinism. We are examining additional patients with
albinism to determine the reliability of VEFs.Acknowledgements
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